In this paper, we propose a methodology to maximize the absorption bandwidth of a metal-insulator-metal (MIM) based absorber. The proposed structure is made of a Cr-Al 2 O 3 -Cr multilayer design. At the initial step, the optimum MIM planar design is fabricated and optically characterized. The results show absorption above 0.9 from 400 nm to 850 nm. Afterward, the transfer matrix method is used to find the optimal condition for the perfect light absorption in an ultra-broadband frequency range. This modeling approach predicts that changing the filling fraction of the top Cr layer can extend light absorption toward longer wavelengths. We experimentally proved that the use of proper top Cr thickness and annealing temperature leads to a nearly perfect light absorption from 400 nm to 1150 nm, which is much broader than that of a planar design. Therefore, while keeping the overall process lithography-free, the absorption functionality of the design can be significantly improved. The results presented here can serve as a beacon for future performance-enhanced multilayer designs where a simple fabrication step can boost the overall device response without changing its overall thickness and fabrication simplicity.
INTRODUCTION
In the last few decades, the use of metamaterials to manipulate light-matter interaction has attracted a great deal of attention, owing to their extraordinary optical response that cannot be found in natural materials. The realization of perfect light absorption by the confinement of the light in subwavelength dimensions is one of these attributes [1, 2] . An ideal absorber should have unity strength, which means harvesting the whole incident light. Depending on the device configuration and the materials, this perfect absorption can be attained in a narrow or a broad frequency range. While these narrowband absorbers are of great interest for sensing and spectroscopy applications [3] [4] [5] [6] [7] [8] [9] , several other areas such as photovoltaic and thermal photovoltaic [10] [11] [12] [13] [14] [15] , steam generation [16, 17] , and photodetection [18] require the spectral broadness.
Up to now, different three-dimensional (3D) designs have been employed to obtain ultra-broadband perfect absorbers. The 3D nanostructures, such as densely packed nanowires [19] , nanotubes [15] , tapered grooves [20] [21] [22] , and pyramidal designs [23, 24] , are examples of these architectures. However, these designs are bulky and incompatible for monolithic integration. Therefore, planar structures that can provide similar functionality in much smaller dimensions and volumes became a topic of intensive investigations in recent years. In the first studies, scientists proved the absorption capability of singlelayer plasmonic metal nanostructures [1, 8, [25] [26] [27] . However, due to the lack of a trapping scheme, the absorption was not efficient in these configurations. Later, a metal-insulatormetal (MIM) configuration was employed to improve the absorption strength of the structure [3, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . However, in all of the above cases, the operational bandwidth (BW) of near-unity absorption was not broad. In one of the pioneer studies in this field, Aydin et al. reported an average absorption above 0.71 in the range of 400 nm to 700 nm by utilizing a symmetrical arrangement of a crossed trapezoid array in an MIM cavity configuration where the spacer layer thickness was much smaller than the incident light wavelength [39] . Later, several different plasmonic units were utilized to improve the absorption BW and strength of the design [12, [40] [41] [42] [43] [44] [45] [46] [47] . However, the main drawback of all the aforementioned MIM designs was their fabrication complexity. Fabrication of the top nanostructured layer is carried out using electron beam lithography (EBL), which is not only a complex fabrication route but is also not suitable for upscaling of the designs. Therefore, the realization of ultra-broadband perfect absorbers with EBL-free designs has been the subject of many studies in recent years. For this aim, adopting a modeling approach, to obtain the ideal case for perfect light absorption, is of great importance. It should be mentioned that previous studies have utilized a perfectly impedance-matched sheet (PIMS) approach to provide efficient light-material interaction in an ultra-broadband frequency range [48] [49] [50] [51] Recently, it was theoretically proven that the periodic arrangement of planar metal-insulator (MI) pairs with proper thicknesses can provide near-perfect light absorption in a broad wavelength range [52] . In this multilayered design, the absorption BW gets wider as we increase the number of pairs. Therefore, due to their planar nature, which makes it a lithography-free design, these structures are envisioned to be excellent options for largescale production. Up to now, several different metal and insulator pairs were utilized to obtain ultra-broadband light absorption in an MI-pair-based architecture [53] [54] [55] [56] [57] [58] [59] . However, the absorption in this design is concentrated in the middle thin metal layers, which are sealed by two insulator layers. Therefore, the absorbed power cannot interact with the external stimulation, which is a crucial requirement in some of the applications. Therefore, proposing a design configuration that can satisfy all of the abovementioned requirements would be the ultimate goal in the design of an ultra-broadband perfect absorber. A recent study showed that the use of thin lossy metals such as chromium (Cr) can satisfy all the aforementioned requirements. In the paper, the authors showed that MIM stack of Cr-SiO 2 -Cr, in which the top Cr layer is 3 nm thick, can offer a nearly perfect light absorption from 450 nm to 850 nm [60] . The proposed EBL-free design also has an omnidirectional response that retains its high absorption amplitude even at wide incidence angles.
In this paper, an EBL-free, large-scale compatible MIM absorber design is utilized to acquire nearly perfect light absorption in an ultra-broadband wavelength regime. In the proposed design, Cr and Al 2 O 3 are employed as metal and insulator layers. In the first step, the optimum configuration is achieved using numerical simulations, and the design is fabricated and characterized. According to the characterization results, absorption above 0.9 was obtained in a wavelength range of 400 nm to 850 nm, which is in line with the previous study [60] . Later, a systematic modeling approach based on the transfer matrix method (TMM) is conducted on the MIM configuration to find the ideal top metal characteristics. According to the estimations of this modeling, by tuning the filling fraction (FF) of the metal structure, the absorption edge can be significantly shifted toward larger wavelengths. To tune the FF of the metal, a large-scale compatible dewetting process is applied to the fabricated MIM stacks. The choice of proper top metal thickness and annealing temperature leads to an absorption above 0.9 throughout an ultra-broadband wavelength range, spanning from 400 nm to 1150 nm. Therefore, as a consequence of applying a simple annealing step, the absorption BW of 450 nm for a planar design is improved to an amount of 750 nm for the dewetted sample. Comparing with the previous study that uses planar bare layers in an MIM configuration [60] , this design strategy can significantly improve the absorption bandwidth by tuning the metal FF. In other words, the proposed design proves that an optimum metal FF can greatly improve the absorption capability of the design. To the best of our knowledge, besides its ease of fabrication and large-scale compatibility, this design has the widest absorption spectra among all the reported MIM-based visible light absorbers. Moreover, the angular response of the design stays high even at angles as wide as 60°. The findings of this study reveal that a simple annealing step can substantiate the functionality of the MIM design without changing the design dimensionality and complexity. These results can be also extended to other types of MI-based optical designs. Figure 1 (a) provides a schematic representation of the proposed design that is made of an MIM stack. In this configuration, the bottom layer (which is Cr in this case) is a thick metallic coating that acts as a reflecting mirror. On top of this mirror, a spacer and a thin absorbing metal layer are deposited. This MIM architecture makes a cavity that is able to trap and harvest light in a specific frequency range. In our case, the bottom Cr layer is chosen to be 100 nm thick. This layer is deposited using the thermal evaporation technique. Later, the prepared samples are transferred into the atomic layer deposition (ALD) chamber to coat the Al 2 O 3 layer in our desired thickness of D I . Finally, the top thin Cr layer with a thickness of D M is coated on the samples using thermal evaporation. Figure 1 (b) represents a crosssectional view of scanning electron microscopy (SEM) images of the MIM structure that proves the successful formation of all three layers. To take the SEM image, the focused ion beam (FIB) is used to prepare a cross section of the sample by milling a trench perpendicular to the surface. In FIB milling, because the bombarded ions can etch the sample surface and consequently change the thickness of sample's upper layer, we deposit a thin layer of Pt before starting the etching process. The fabricated MIM stacks with two different insulator thicknesses of D I 50 nm, 60 nm are depicted in Fig. 1(c) . Finally, the permittivity values of the deposited Cr and Al 2 O 3 layers have been extracted using J. A. Woollam Co. Inc. V-VASE ellipsometer in a wavelength range of 400 nm to 1300 nm [see Fig. 1 
RESULTS AND DISCUSSIONS
It should be mentioned that the permittivity values have been extracted for bare and 800°C annealed samples. The obtained permittivity data shows that, upon conducting annealing process, permittivity values get slightly larger, which is in line with a previous study [61] .
For the first step, numerical simulations are conducted on the impact of different geometries on the absorption capacity of the MIM structure. For this aim, a commercial finite-difference time-domain (FDTD) software package (Lumerical FDTD Solutions) [62] is utilized. In all the simulations, a broadband plane wave (spanning from 400 nm to 1300 nm) with a specified polarization and incidence angle is illuminated on the sample. The absorption of the system can be calculated using the following formula of A 1 − R − T . Considering the fact that the bottom metal layer is a thick metal coating that reflects all the light back into the cavity, the transmission of the MIM design is equal to zero. Therefore, the above-mentioned formula is simplified to A 1 − R. Therefore, the absorption of the MIM design is calculated using the reflection monitoring data. For the permittivity values of Cr and Al 2 O 3 , the experimental data have been imported to the material library. To begin with, the impact of insulator layer thickness (D I ) on the absorption spectra of the structure is explored. For this purpose, the top metal layer thickness is fixed at D M 5 nm, and D I is swept from 20 nm to 70 nm. As Fig. 2(a) implies, increasing the insulator thickness introduces a spectral redshift on the absorption profile of the sample, rather than changing its intensity. To have a better qualitative comparison, the threshold for nearly perfect absorption is chosen as 0.9. To cover the whole visible spectrum, the lower absorption edge should locate at a wavelength around 400 nm, and the upper one should extend as long as possible. Therefore, the insulator layer thickness is fixed at 60 nm, and a new sweep is performed on the top metal thickness. Figure 2 (b) depicts how the absorption strength is influenced by the metal layer thickness. Based on this panel, the absorption upper edge gets a redshift as we go from 2 nm to 5 nm. However, at thicknesses above 10 nm, a gradual loss is experienced on the light absorption strength in which the 15 nm thick case has an absorption entirely below 0.9. Taking all the above results into consideration, the optimum case of this planar design is D M 5 nm and D I 60 nm. The absorption profile of the structure, as a function of incident light wavelength, is also depicted in Fig. 2(c) . As expected, the main portion of light gets absorbed in the top lossy thin Cr metal. In fact, this structure is acting as a lowquality-factor Fabry-Perot resonator. To evaluate our numerical findings, the proposed designs have been fabricated and experimentally characterized. For this aim, two samples with two different insulator layer thicknesses of D I 50 nm and 60 nm have been fabricated. In both samples, the top metal thickness is D M 5 nm. The fabrication route of the proposed design can be briefly explained as follows. First, the diced silicon substrates are cleaned using a standard cleaning process with piranha and hydrofluoric acid (HF) solutions. Afterward, a 100 nm thick Cr layer was deposited on top of these substrates using a thermal evaporator. The Al 2 O 3 depositions were carried out at 250°C in an ALD reactor (Cambridge Nanotech Savannah S100) employing AlCH 3 3 solution as the deposition precursor. The pulse and purge durations were 0.015 and 10 s, respectively. The growth rate was found to be 1.01 A°per cycle. Finally, the thin top Cr layer is deposited with the thermal evaporation system. To optically characterize the stack, the normal reflection measurements for the wavelength range of 600 nm to 1300 nm were carried out using Fourier transform infrared spectroscopy (Bruker); for the remaining part of the visible spectrum, we used a homemade reflection measurement setup in which a halogen illuminator is connected to a microscope and directed perpendicular to a sample, and the reflected light from the microscope was fed to a Newport OSM2 spectrometer. The data were collected by interfacing the spectrometer with a personal computer (PC). Moreover, the angleresolved reflection characterizations were carried out using an J. A. Woollam Co. Inc. V-VASE ellipsometer for different angles of incidence and polarization. As can be clearly seen in Fig. 2(d) , a nearly perfect agreement between simulations and characterization results can be obtained for both fabricated samples. The image of the MIM absorber is depicted in Fig. 1(c) . Similar to the simulation results, absorption above 0.9 is attained from 400 nm up to 850 nm. In other words, the operation bandwidth of this system is found to be 450 nm. The angular absorption capacity of these two configurations is also compared in Figs. 2(e) and 2(f ). Looking at the oblique angle responses of these two devices, we can clearly see that the absorption is kept high even at incidence angels as high as 60°. In the s-polarized excitation, the absorption spectra experience a gradual fall in their amplitude. However, in the case of p-polarized incident light, the absorption amplitude is improved at longer wavelengths, which is due to the increase in the optical path of light inside the cavity.
Based on aforementioned findings, this MIM-based lithography-free structure does not have only a simple fabrication route but also provides a high level of functionality. Although this absorption BW is already among the best ultra-broadband absorbers, it is limited with the inherent optical properties of the Cr layer. To substantiate the absorption BW, we first need to know the essence of this limitation. To do this, we adopted a modeling approach based on TMM to find the optimum condition to obtain perfect absorption throughout an ultra-broadband wavelength regime. As shown in Fig. 3(a) , in this model, we fixed the bottom metal and insulator layers as Cr and Al 2 O 3 , respectively. While the bottom metal is a thick coating (to avoid transmission of the light), the insulator layer thickness is chosen to be 60 nm, which is the optimum case (based on previous section findings). The ideal permittivity values for the top layer are estimated using TMM in a way that the reflection from the MIM stack becomes zero. The ideal top layer data are extracted for two different thicknesses of D M 5 nm and 15 nm. To attain this goal, the overall reflection from the design is found using TMM. In this method, we suppose the MIM structure is bounded with a material of ε A , which is the air in our case. For p-polarized light, considering the H y as
and applying typical boundary conditions (the continuity of the fields and their derivatives at the boundaries separating different However, the real part leaves the region after 850 nm. This is in excellent agreement with our simulation, and experimental results showed the absorption stays above 0.9 in a wavelength range of 400 nm to 850 nm. In fact, the modeling reveals that the limitation of upper-edge absorption is due to lack of matching in the real part of Cr permittivity. Moreover, when the thickness goes up to 15 nm, the real part is entirely embedded inside the region, but the imaginary part stays out of its tolerable values. That is why the 15 nm case has no part of its absorption response above 0.9. Therefore, a planar layer has an inherent restriction that prevents the substantial enhancement in its absorption BW. Manipulating the permittivity values of a matter can be attained by making a composite out of it. This composition can be made between metal and air (which has a permittivity of unity). In other words, nanostructuring in which planar metal is turned to ultrasmall units such as nanoholes or nanodots is one of the options to tailor Cr permittivity. However, this nano-design preparation needs complex fabrication routes such as electron beam lithography, which is also incompatible for upscaling. Therefore, this approach would hamper our motivation on the fabrication of simple but high-performance perfect absorbers. The other choice is to use the dewetting process to change the Cr layer permittivity. The dewetting process is a route in which a thin metal layer is annealed up to its melting point. Upon exposure of the matter to such high temperatures, the planar metal reshapes its surface to nanoholes or nanodots, depending on the dewetting duration and temperature. This process is a simple approach to make a metal-air composite, which is our target. To be able to compare the dewetted samples' permittivity with that of pure Cr, we need to have an estimation of the effective permittivity of the structure. The effective permittivity ε eff of a dewetted metal layer can be described by using the effective medium approximation (EMA) [63] as
where ε M and ε I are the complex permittivity values of metal and air, respectively. Moreover, the parameter FF shows which fraction of the surface is coated with metal. In other words, FF is the filling fraction of the metal. It should be mentioned that this model works properly for dimensions much smaller than the wavelength. However, this approximation can be still accurate for dimensions about 10 times smaller than the wavelength [64] . It can be still valid for larger dimensions, but the accuracy of the approximation is reduced. The values for ε eff of dewetted metal are obtained for four different cases of FF 1, 0.8, 0.6, and 0.4. Figures 3(c) and 3(d) compare the matching of these data with the tolerable region. In the case of 5 nm thick ideal metal, the best case belongs to FF 1, which is the planar fully metallic layer. Smaller FF values lose their matching in shorter wavelengths. Thus, in such a thin thickness, dewetting is not found as a proper approach to substantiate the absorption BW. However, at the thicker layers such as 15 nm, the situation is different. As can be clearly seen in Fig. 3(d) , reduction of the FF factor improves the matching of the imaginary part. However, in the meantime, the real part leaves the highlighted region in shorter wavelengths. Therefore, a moderate filling fraction, which provides a good trade-off between real and imaginary parts matching, would be the optimum case. For example, at FF 0.6, the matching of both parts would be satisfied up to 900 nm. Therefore, it is envisioned that the dewetting of a relatively thick Cr layer, under proper annealing time and temperature, could substantiate the MIM absorption capacity. To evaluate our modeling results, we imported the effective permittivity data of different FF cases into simulation software and studied the impact of different geometries on the overall absorption response of the MIM system. Similar to the previous part, to find the optimum design configuration, we performed a sweep on D I and D M . In the first step, the D M value is fixed at 5 nm, and a sweep is conducted on the different D I dimensions. Choosing the best D I value (which is 60 nm for all the cases), this time a sweep is conducted on the metal thickness. The absorption spectra of different cases are depicted in Figs. 4(a)-4(f ). As Figs. 4(a) and 4(b) implies, at the metal filling fraction of 0.8, the absorption BW is narrower than that of planar design, which is in line with modeling findings. However, in the case of FF 0.6, the absorption upper edge is shifted to longer wavelengths for the optimum case of D M 15 nm. In this design geometry, absorption above 0.9 can be attained up to 900 nm. Finally, for the filling fraction of 0.4, the absorption BW gets slightly wider as we move to thicker layers. Considering the fact that nanostructuring by dewetting is not efficient for metals thicker than 20 nm, the best absorption in this design is weaker than that of 0.6. Therefore, in accordance with our modeling estimations, our simulations also prove that an optimum filling fraction 
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would provide the best results. Moreover, it is envisioned that the BW of the optimum design would be also wider than that of a planar structure.
To attain the above goal, we have adopted a furnace-based annealing process. For this aim, we made three identical MIM samples with a metal thickness of 15 nm and insulator thickness of 60 nm. It should be noted that the metal thickness is chosen in this way because our modeling results estimated that the dewetting process is efficient for thicker layers. The fabricated MIM samples are placed in a tube furnace, and the temperature is raised up to our desired temperature at a rate of 50°C/min. Then, it is kept at this temperature for a specific period of time to perform the dewetting treatment; after this duration, the furnace is opened to room temperature for the fast cooling. It should be mentioned that all the annealing processes are done in a vacuum environment. During this process, the metallic film is reformed from a planar surface to nanostructures. Based on the annealing temperature and its duration, we can optimize the morphology and metal filling fraction. In this work, the annealing process is carried out for three different temperatures, i.e., 800°C, 850°C, and 900°C. It should be mentioned that the dewetting process is not initiated at temperatures below 800°C. Moreover, due to the fast cooling that causes a sudden thermal shock to the layer, the temperatures above 900°C could introduce cracks on the dewetted samples. Therefore, the above-mentioned range has been chosen as annealing temperatures in this study. The samples are kept at this temperature for 6 min; then they are opened to the room temperature. Figures 5(a) and 5(b) depict the absorption spectra and corresponding SEM images of these three different samples. As these results clearly imply, the absorption spectra of all dewetted samples are much broader and stronger than those of planar designs [see the inset of Fig. 5(a) ]. The sample annealed at 800°C has an upper absorption edge located at 1180 nm while it has lost its absorption strength at shorter wavelengths of 400 nm to 580 nm. As we go to the 850°C annealing case, the absorption remains above 0.9 for a wide wavelength range spanning from 400 nm to 1150 nm. Finally, increasing the annealing temperature to 900°C imposes a blueshift on the upper edge of the absorption spectra; consequently, the BW gets narrower. Looking back to our modeling results, we can evaluate the reasons for these results. As Fig. 3(d) clearly illustrates, reducing the FF forces the real part of permittivity to leave the tolerable region in shorter wavelengths. At the same time, this provides a full spectral matching for imaginary parts. At relatively high FF values such as 0.8, while the real part matching is quite good, the imaginary part stays out of the region at shorter wavelengths. This is in fact the reason for the case of 800°C annealed MIM samples. In other words, falling the absorption strength below 0.9 is a result of lack of matching in imaginary parts of the permittivity. In the cases of 850°C and 900°C, it is speculated that the imaginary part matching is satisfied, but the broadness of real part matching has been decreased. In other words, the Cr permittivity profile leaves the highlighted area in shorter wavelengths. All of the above-mentioned discussions are also in line with the SEM images of the sample. As Fig. 5(b) depicts, the filling fraction of the Cr is reduced as we increase the annealing temperature. However, it should be noted that, due to a lack of control on the dewetting process and existence of multi-thickness features, it is difficult to make a direct relation between the FF values and the obtained experimental results. Moreover, as already depicted in Fig. 1(d) , the permittivity values of alumina layer also slightly increase due to this high-temperature annealing process. This increase could lead to a redshift in the absorption spectrum of the structure. However, this shift is expected to be negligible due to the fact that the permittivity change is relatively small. Therefore, these results prove that the dewetting process at the proper temperature and duration can boost the overall BW of the system without changing its dimension or adding complexity to its fabrication process. As in our case, while the planar MIM design provides an absorption BW of 450 nm (a wavelength range of 400 nm to 850 nm), the 850°C dewetted sample introduces a nearly perfect absorption from 400 nm to 1150 nm, which corresponds to a BW of 750 nm. Moreover, the angular response of all three dewetted samples has also been presented in Figs. 5(c)-5(e). As these graphs clearly illustrate, the absorption responses of the samples retain height even at incidence angles as high as 60°.
CONCLUSIONS
In summary, this work presents an efficient design strategy to maximize the absorption performance of an MIM design made of Cr-Al 2 O 3 -Cr multilayers. For this aim, we first found the optimum design geometries to attain the highest BW from a planar MIM design. Afterward, a modeling approach based on TMM was conducted to obtain the ideal case to obtain perfect absorption. The ideal model showed that the absorption BW of the design can be significantly improved by tuning the metal filling fraction. It was found that a moderate FF can satisfy the matching requirements for both real and imaginary parts of permittivity, which, in turn, leads to the extension of the light absorption. While the optimum planar structure offers a BW of 450 nm, this value is raised up to 750 nm for the optimized dewetted sample. To the best of our knowledge, this BW is the highest one among other reported MIM architectures. Besides this substantial improvement, the overall design has a simple, EBL-free fabrication route that makes it a large-scale compatible design. The findings of this study can be applied to other optical metal-based designs where a remarkable performance improvement can be achieved without altering the overall thickness of the design. 
